The present study evaluates 
INTRODUCTION
The Bengal Basin covers the whole of Bangladesh and part of India. It is bordered with three sides by India and one small side (southeast) by Myanmar (Figure 1 ). The Bhuban is the most important geological unit of the Bengal Basin since majority of the discovered hydrocarbon resources of Bangladesh have been confirmed within this stratigraphic formation. It is believed that the Bhuban Formation is acting both as source rock (shale part) and reservoir rock (sandstone part) for the existing petroleum system of the Bengal Basin (Imam 2005) . So far, there is no detail work published on organic geochemical and petrographical aspects of the Bhuban shales except Farhaduzzaman et al. (2014) . Here, we present the data from both techniques: Organic geochemical and petrographical for Bhuban Formation shales. We also draw some conclusions considering kerogen facies, thermal maturity, depositional conditions and hydrocarbon generation potential. GEOLOGICAL CONTEXT Bangladesh is situated in the northeastern part of south Asia. The first collision of the northward moving Indian Plate with the Eurasian Plate took place in Lower Eocene. Subsequent subduction led to the rising IndoBurman Orogeny. The later finally separated the Burmese basins in the east from the Bengal Basin in the west (Reimann 1993) . The identified stratigraphic formations of the Deep Basin unit (study area) include (from bottom upward) Tura Sandstone (Paleocene), Sylhet Limestone (Middle Eocene), Kopili Shale (Upper Eocene), Jenum (Oligocene), Renji (Oligocene), Bhuban (Miocene), Boka Bil (Early Pliocene), Tipam Sandstone (Middle Pliocene), Girujan Clay (Middle Pliocene), Dupi Tila (Late Pliocene), Madhupur Clay (Plio-Pleistocene) and Alluvium (Holocene) (Alam et al. 2003; Imam 2005) . The studied unit is traditionally believed to have been deposited in a deltaic to shallow marine environment. Mostly all of the discovered gas and oil fields have been found within the Bhuban Formation of the Deep Basin unit. Estimated gas reserve (GIIP) in Bangladesh is 28.42 TCF with about 42 TCF undiscovered (Jamaluddin et al. 2001; Shamsuddin et al. 2004) . Using 3D seismic survery (2011) (2012) , Petrobangla re-estimated the total recoverable oil reserves of 137 million barrels STOIIP.
SAMPLES AND METHODS
A total of eleven shale core samples of Bhuban Formation were collected from four different wells drilled of respective four gas fields (Fenchuganj, Titas, Kamta and Begumganj) located in Deep Basin unit. The samples were crushed into fine powder and analyzed using a Weatherford Source Rock Analyzer (equivalent of RockEval equipment). Bitumen extraction was performed using Soxhlet apparatus and subsequently the extractable organic matter (EOM) was separated into aliphatic, aromatic and NSO fractions by column chromatographic techniques. The aliphatic hydrocarbon fractions were analyzed by gas chromatography (Agilent 6890N Series GC) and gas chromatography mass spectrometry (GCMS). The FID gas chromatograph with HP-5MS column, temperature programmed from 40 to 300°C at a rate of 4°C/min and then held for 30 min at 300°C, was used for GC analysis. GCMS experiments were performed on a V 5975B inert MSD mass spectrometer with a gas chromatograph attached directly to the ion source (70 eV ionization voltage, 100 mA filament emissions current, 230°C interface temperature). For organic petrographical study, the samples were prepared by mounting whole rock fragments in resin blocks and polished to a highly reflecting surface using FIGURE 1. Location map of the study area showing major tectonic elements of the Bengal Basin (Farhaduzzaman et al. 2012a (Farhaduzzaman et al. , 2013a (Farhaduzzaman et al. , 2013c Islam 2009; Reimann 1993) progressively finer alumina suspension (1, 0. Peters and Cassa (1994) .
MACERAL COMPOSITION
Vitrinite (60-80 vol.%) is the dominant maceral group found in the analyzed Bhuban shales followed by liptinite (20-25 vol.%) and inertinite (8-15 vol.%). The important liptinitic macerals include sporinite, cutinite, resinite, amorphous organic matter, liptodetrinite and alginite (trace amount). The significant presence of these liptinitic macerals along with the solid bitumen (staining) contribute a minor oil-prone character to the dominantly vitrinitic assemblages ( Figure 3 ).
EXTRACTABLE ORGANIC MATTER AND BIOMARKER CHARACTERISTICS
The total soluble extract varies from 132 to 2814 ppm in the analyzed samples. The concentration of aromatic hydrocarbons (57-548 ppm) is higher than that of aliphatic hydrocarbons (9-300 ppm) in the studied shales. The total soluble hydrocarbon yield ranges from 21 to 139 mg HC/g TOC. The TIC (total ion current), m/z 191 and 217 chromatograms of the analyzed aliphatic fractions were used for interpretation and biomarker distributions ( Figure  4 ). The unimodal distributions of n-alkanes from C 10 to C 35 with the maxima standing at C 16 (mostly) or C 18 have been observed in the gas chromatograms of the analyzed Bhuban shale samples (Figure 4 (a)). The calculated CPI values are close to unity from 0.99 to 1.37 in Bhuban shales. In most of the analyzed samples, the odd carbon homologs dominate over the even carbon homologs. Nonetheless, even carbon homologs dominate over the odd carbon homologs in a few samples. The pristane/phytane ratio is low to fairly high and it varies from 0.99 to 3.74. The C 30 αβ-hopane is the dominant member of the abundant pentacyclic triterpanes (hopanes and moretanes) in all the analyzed Bhuban shale samples (Figure 4(b) and 4(c)). Homohopanes are lower in concentration and dominated by C 31 -hopane in the studied samples. The S-isomers are dominant over R-isomers in some of the analyzed samples (Figure 4(b) ) which indicate the samples are thermally mature for hydrocarbon generation. On the other hand, R-isomers are dominant over the S-isomers among the homohopanes (C 31 -C 33 ) for a few of the analyzed samples which indicate the samples are thermally immature for hydrocarbon generation ( Figure  4(c) ). In general, αβ-hopanes are more dominant than the βα-hopanes (moretanes). The Ts/Tm ratio of the studied samples ranges from 0.26 to 0.87. C 30 moretane/C 30 hopane and C 32 22S/(22S + 22R) ranges from 0.09 to 0.44 and 0.47 to 0.63, respectively, for the analyzed Bhuban Formation shales. Considerable abundances of 18α(H)-oleanane (higher plant marker) have been found in all the studied samples. C 29 sterane is the most dominant component in the m/z 217 mass fragmentograms which are dominated by regular steranes compared to diasteranes (Figure 4(d) ). The most commonly used sterane parameters include C 29 sterane, C 27 /(C 27 +C 29 ) sterane and diasterane/sterane ratios and these values range from 36 to 64%, 0.21 to 0.48 and 0.05 to 0.42, respectively, in the analyzed Bhuban samples.
THERMAL MATURITY
Thermally immature to mature oil window has been appraised for the investigated Bhuban Formation shales as evidenced by randomly measured mean vitrinite reflectance and T max values. The randomly measured vitrinite reflectance value ranges from 0.57 to 0.71 (%R o ) in the analyzed Bhuban samples. It implies that the thermal maturity of the analyzed shale samples varies from just pre-oil window to mid-oil window thermogenic condition for hydrocarbon generation (Peters & Cassa 1994) . The T max value obtained from SRA ranges from 429 to 441°C indicates the studied Bhuban samples are of thermally immature to mature for oil generation which is in a good agreement with the interpretation based on vitrinite reflectance values. The recorded production index (PI) value ranges from 0.17 to 0.25 in the analyzed shales and it also suggests the immature to mature oil window condition (Peters & Cassa 1994) .
The C 32 -homohopanes ratio (22S/(22S+22R)) rises from 0 to about 0.65 while 0.57 to 0.62 is the equilibrium range commonly observed during maturation (Seifert & Moldowan 1986 ). The calculated ratio values of 0.47-0.63 for the studied Bhuban samples fall within and outside the equilibrium range. It is thus demonstrating the thermal maturity condition has been reached partially, i.e., it represents immature to mature oil window. The calculated C 30 -moretane/C 30 -hopane ratio of the studied Bhuban [Note: TOC= total organic carbon (wt.%), S1= free HC (mg HC/g Rock), S2= hydrolysable HC (mg HC/g Rock), S3= CO2 generated from pyrolysis, Tmax= maximum temperature at top S2 peak (deg C), HC= hydrocarbon, HI= hydrogen index (mg HC/g TOC), OI= oxygen index (mg CO2/g TOC), %Ro= random vitrinite reflectance] shales varies from 0.09 to 0.44 which correspond again to the range of immature-mature thermal maturity condition (Mackenzie et al. 1980) . Nonetheless, the solid bitumen or bitumen stain is considered as 'free' or expelled heavy petroleum. This type of bitumen stain has been observed in the analyzed shale samples under the microscope and it also suggests the organic matter of the studied shales has already expelled hydrocarbon in parts within the associated petroleum system of the Bengal Basin, Bangladesh.
HYDROCARBON GENERATION POTENTIAL
The cross-plot of T max (°C) and production index (PI) depicts that the organic matter of the analyzed Bhuban shales have already started to generate hydrocarbon ( Figure 5 ). This is supported by the earlier interpretation on the basis of vitrinite reflectance and T max values. The measured SRA T max of the analyzed shale samples varies from 429 to 441°C while the hydrocarbon generation usually starts at the maturity level of 435°C (Peters & Cassa 1994; Peters & Moldowan 1993; Peters et al. 2005) . The studied Bhuban shales with low to fair TOC (0.26-0.61%), low to fair S2 values (0.13-1.41 mg HC/g TOC), low to moderate total extract yield (132-2814 ppm), low to fair production index (0.17-0.25), low to medium hydrocarbon yield (21-139 mg HC/g TOC) and the presence of common liptinitic materials suggested poor to fair potential for hydrocarbon generation. The mean vitrinite reflectance value ranged from 0.57 to 0.71 (%R o ) in the analyzed Bhuban shales (equilibrium value is 0.60 as stated by Philp 1985 and Cassa 1994) again supports the organic matter of the analyzed samples have partially achieved the thermal maturity level for hydrocarbon generation. The dominancy of short chain n-alkanes (C 16 -C 20 ) in the gas chromatogram (TIC) of Bhuban Formation indicates the generation of light hydrocarbons together with some condensates. However, the liquid hydrocarbon potential of the analyzed shale samples is most likely attributed to the contents of liptinitic macerals. The entire petroleum discovery is natural gas with little amount of oil and condensate in the Bengal Basin, Bangladesh (Imam 2013) . This is in good agreement with the present interpretation of hydrocarbon generation potential for the Bhuban Formation.
DEPOSITIONAL ENVIRONMENT
The depositional environment of shale and its condition of deposition is often considered as very complex (Wan Hasiah 1999) . The modeled steranes triangular plot ( Figure  6 ) indicates the analyzed Bhuban shales deposited mostly in terrestrial environmental setting with some marine inputs (Huang & Meinschein 1979) . The marine influence is also supported by the occurrence of oleanane (c.f., Murray et al. 1997) . Diasterane abundances in comparison to regular steranes are often used to distinguish carbonate facies (low diasteranes) from clastic ones (Waples & Machihara 1991) . The noticeable presence of diasteranes compared to steranes of the studied shale samples characteristically supports the dominance of clastic depositional facies. The cross-plot of Pr/nC 17 versus Ph/nC18 (Figure 7 ) based on the analyzed samples implies the source of the organic matter of Bhuban shales was mostly terrestrial-derived. The condition of deposition was an alternation of oxic to anoxic within a deltaic to shallow marine environment. This is supported by the cross-plot of Pr/Ph versus C 27 / (C 27 +C 29 ) sterane of the present study (Figure 8 ). This also indicates the dominant terrestrial environmental settings with oxic-anoxic depositional condition (Waseda & Nishita 1998) . Minor marine (pelagic) influence is also suggested by this diagram. The presence of bicadinanes in the gas chromatograms (m/z 191) of the investigated Bhuban samples also supports this terrestrial depositional setting as previously reported by Pearson and Alam (1993) .
The oxic condition of any terrestrial depositional environment has extensively been appraised by various authors considering the ratio of Pr/Ph (Peters & Moldowan 1993) . The source rocks with Pr/Ph ratio greater than 1 are more likely to have formed in an oxidizing environmental setting. Thus the Pr/Ph ratio of the analyzed shales ranged from 0.99 to 3.41 indicates a predominant terrestrial environment. The condition of deposition was oxic. The terrestrial depositional environment is also supported by petrographic data such as dominating vitrinite macerals and the high abundance of woody fragments. The marine influence is suggested by the presence of liptinite macerals such as liptodetrinite and fluorescing amorphous organic matter. 
CONCLUSION
The investigated Bhuban shales consist of a mixture of Type III/II kerogens with Type III dominant. They were determined to be thermally immature to mature for hydrocarbon generation based on the mean vitrinite reflectance and T max values. The production index value and the biomarker parameters of 22S/(22S + 22R) hopane, moretane/hopane ratio and sterane data have also supported this level of thermal maturity. SRA and biomarkers data concludes that the analyzed Bhuban shales of the Bengal Basin (Bangladesh) possess poor to fair quality source potential for hydrocarbon generation. The depositional environment is evaluated as dominantly terrestrial setting with minor marine influences. The condition of deposition was an alternation of oxic-anoxic.
